Abstract. Four mosquito densovirus strains were assayed for mortality and infectivity against Aedes aegypti larvae from different geographic regions. The viral titers were quantified by real-time PCR using TaqMan technology. Firstinstar larvae were exposed to the same titer of each densovirus strain for 48 hours. All strains of densoviruses exhibited larvicidal activity and caused more than 80% mortality and infectivity in the three mosquito strains. AalDNV-exposed larvae had the highest mortality rate. The mean time to death of AalDNV-exposed larvae was shorter than other DNVs-exposed larvae. We can conclude that different densovirus strains exhibit some variations in their pathogenicity to different populations of Ae. aegypti mosquitoes. A few mosquitoes from Chachoengsao and Bangkok exposed to AeDNV and AThDNV survived to the adult stage to lay eggs and showed 22% to 50% vertical transmission in the F1 generation. Phylogenetic analysis of four densovirus strains indicated that mosquito densoviruses are separated into two distinct clades.
INTRODUCTION
Aedes aegypti (L.) (Diptera: Culicidae) is the most important vector of dengue virus, the etiologic agent of dengue fever (DF), dengue-hemorrhagic fever (DHF), and yellow fever virus. Both DF and DHF remain serious diseases throughout the tropical parts of the world. In Thailand, 44,971 DF/ DHF cases and 21 deaths were reported in 2005 (Annual Epidemiological Surveillance Report 2005). This disease cannot be eradicated by drug therapy, and vaccines for the dengue viruses are still being developed. Therefore, the only way to prevent epidemics of dengue fever is to control the mosquito vectors, especially Ae. aegypti. These mosquitoes have been controlled and eradicated by using chemical insecticides with some success for many years. However, the application of insecticides can cause problems due to high toxicity to the environment and human health, widespread toxicity to nontarget insects, and insecticide resistance in mosquitoes. 1 Larval control in Thailand depends mainly on temephos. Many other places use Bti and methoprene much more extensively. However, use of the same larvicide for a long time may cause resistance in mosquito larvae. 2, 3 Therefore, it is necessary that alternative strategies also be investigated. The mosquito densoviruses are environmentally friendly and a potential alternative to chemical larvicides.
Densonucleosis viruses or densoviruses (DNVs) are invertebrate viruses belonging to the subfamily Densovirinae within the family Parvoviridae. 4 The virions of the DNV have a diameter of 18 to 22 nm and these non-enveloped, icosahedral viruses package a linear, single-stranded DNA of about 4 kb with terminal hairpins that are required for virus replication. 5 Several mosquito densoviruses have been described and were used in this work. One of the best-characterized mosquito-specific densovirus is the Aedes densovirus (AeDNV), which was isolated from an Ae. aegypti mosquito colony. 6 This densovirus was shown to infect mosquitoes of the genera Aedes, Culex, and Culiseta and was found to efficiently kill larvae of Ae. aegypti. 7, 8 A second densovirus, the Aedes albopictus densonucleosis virus (AalDNV), was recovered from a persistently infected subclone of a C6/36 Ae. albopictus cell line 9 ; this virus proved to be highly pathogenic for Ae. aegypti following oral infection. [9] [10] [11] A third virus, the Thai strain densovirus (AThDNV) was isolated from laboratory colonies of Ae. albopictus (Skuse) and Ae. aegypti from Thailand and was pathogenic to Ae. albopictus and Ae. aegypti in laboratory experiments. 12 The fourth densovirus discovered was an Aedes Peruvian densovirus (APeDNV), which was recovered from persistently infected C6/36 cells from a laboratory in Peru. 8, 13 Although these densoviruses have been shown to be more or less pathogenic to various laboratory strains of Ae. aegypti, there has been no direct comparison of these viruses in different strains of Ae. aegypti. To rationally choose the appropriate strain of densovirus to use as the biological control agent against mosquito vectors, it is necessary to evaluate their pathogenicity against various strains of Ae. aegypti mosquitoes. The purpose of this study was to determine the potential of different densovirus strains as biological control agents of Ae. aegypti mosquitoes from different geographic origins.
MATERIALS AND METHODS
Mosquito strains. Ae. aegypti were collected from Chachoengsao Province in the eastern part of Thailand and also from Bangkok, the capital city located in the central part of Thailand in January 2005. The Rexville-D strain of Ae. aegypti, originally from Puerto Rico, was obtained from the Department of Microbiology, Immunology and Pathology, Colorado State University, Fort Collins, Colorado, USA. This strain has been colonized since 1991. Every colony of mosquitoes was examined by conventional PCR to ensure that the experimental mosquitoes were densovirus-free, which is described in the following section. Mosquito larvae were reared in 2-liter water trays and were fed on ground Sakura fish food powder. Adult mosquitoes were fed on a 10% sugar solution and females were fed on hamsters for the maturation of their eggs.
Densovirus strains and cell lines. Four densovirus strains were used in this study and were cultured individually in C6/ 36 cells. The AThDNV strain was isolated from a laboratory colony of Ae. aegypti and Ae. albopictus from eastern Thailand. 12 AalDNV was recovered from the Ae. albopictus (C6/ 36) cell line originally provided by Dr. Robert Tesh, Department of Pathology, University of Texas Medical Branch, Galveston, Texas, USA. Infectious clones of AeDNV and APeDNV have been described previously. 8, 14 The Ae. albopictus cell line (C6/36) was obtained from the Department of Virology, Institute for Tropical Medicine, Nagasaki, Japan. C6/36 cells were maintained in Minimum Essential Medium (GIBCO™) supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS, Gibco BRL) and 1% of antibiotics (Penicillin-Streptomycin, Gibco BRL).
Virus production. AeDNV and APeDNV were produced by transfecting infectious clones, pUCA and pUCP, 8, 14 into C6/36 cells in 6-well plates by using Cellfectin Reagent (Invitrogen) according to the manufacturer's protocol. The cells were incubated for 5 days. DNV-infected cells were then harvested by using cell scrapers and centrifuged for 10 min at 3,750 rpm. The supernatants were kept as AeDNV and APeDNV virus stocks. 8 AThDNV was prepared from dead Ae. aegypti larvae that had been exposed to AThDNV. Approximately 10 to 15 dead larvae were homogenized in 2 mL of MEM media by grinding with pestle. The suspension was filtered through a 0.22-m syringe filter (Millex-GS); then 2 mL of filtered supernatant was inoculated into C6/36 cells. After the cells were incubated for 5 days, the AThDNVinfected cells were scraped and centrifuged for 10 min at 3,750 rpm. The supernatant was kept as the AThDNV virus stock. AalDNV was neither produced by transfection nor prepared from dead infected larvae because we already had the virus stock. The virus stocks of AeDNV, AThDNV, AalDNV, and APeDNV were increased for mosquito exposure by inoculating 2 mL of each virus stock into C6/36 cells, which were 70% confluent in 75 cm 2 culture flasks (Costar, Corning). The inoculated cells were incubated at 28°C in 5% CO 2 incubator for 2 hrs and gently shaken every 15 min. After incubation for 2 hrs, the DNV-inoculated cells were washed with PBS and 15 mL of new MEM containing 10% FBS were added. Then all inoculated cells were allowed to incubate for 8 days postinoculation. 10, 11 After the post-incubation time, cells were scraped in supernatant and were kept as virus stock in −80°C.
DNA extraction and PCR detection of densoviruses. DNA was isolated from field-collected mosquitoes by using an InstaGene Matrix extraction kit (BIORAD, Hercules, CA) according to the manufacturer's protocol. DNA extraction from infected cells was started by addition of the extraction buffer solution (10 mM Tris-HCl, pH7.5, 100 mM NaCl, 0.2% SDS) modified as previously described. 5 The mixtures were extracted by Phenol: Chloroform: Isoamyl alcohol (25:24:1) (USB, Cleveland, OH) and the nucleic acids were precipitated from the aqueous phase by ethanol. Samples were resuspended in 30 L of dd H 2 O. The oligonucleotide primers used for densovirus detection in both field-collected mosquitoes and infected cells are shown in Table 1 , and 1 L of DNA template. PCR was performed under condition optimized for 1334F-1481R primers: 35 cycles of denaturation at 94°C for 30 sec, annealing at 55°C for 30 sec, and extension at 72°C for 30 sec. After PCR reaction was completed, 10 L of each PCR product was electrophoresed in 1.5% agarose gel strained with ethidium bromide and examined using UV transillumination. Quantitative real-time PCR. After the virus production step, the concentration of the mosquito densoviruses, AeDNV, AThDNV, AalDNV, and APeDNV were determined by real-time PCR using a Taqman probe. A set of primers and a probe were designed within a conserved region of the viral NS1 gene (Table 1) Efficacies of densoviruses against Ae. aegypti strains. Mosquito eggs were allowed to hatch in tap water. Approximately 3 to 4 hrs after hatching, 30 first-instar larvae in 2 mL of dechlorinated tap water in each tube were exposed with 1.4 × 10 11 geq/mL of a densovirus strain in a total volume of 5 mL and held without food for 48 hrs. Controls that received no virus were also exposed with C6/36 cell culture medium. Four replicates and the controls were set up for each densovirus in each mosquito colony. After 48 hrs, mosquito larvae were transferred to a bowl containing 100 mL of tap water. Fish food was added and the larvae were monitored until pupation. After pupation, male and female pupae were individually transferred into new small cups and were allowed to emerge into mosquito cages. Dead larvae, pupae, and adults were recorded and collected daily and kept at −80°C until The AeDNV-and AThDNV-exposed females that survived were allowed to mate in a cage with AeDNV-and AThDNV-exposed males. Females of the parent generation (F 0 ) were fed on a hamster and were individually isolated for egg laying. After oviposition, females were stored individually at −80°C until DNA was extracted. The paper containing eggs was kept moist for 3 days and afterwards kept dry. The F 1 eggs from each densovirus-positive female were hatched and reared separately in autoclaved cups. Dead male and female mosquitoes were checked individually for densovirus infection by PCR using the 1334-1481 primer set same as the method for PCR detection of densoviruses in field-collected mosquitoes and infected cells.
Cladistic analysis. Partial sequences of the VP gene of 4 densovirus strains (301 bp) were used in this experiment to compare with other reference strains. The sequence from Genbank for AeDNV (M37899), AThDNV (AY160976), AalDNV (X74945), APeDNV (AY310877), C6/36 DNV (AY095351), and HeDNV (AY605055) were aligned using clustal algorithm of the program MegAlign (DNAstar, Lasergene). Phylogenetic relationships were inferred by using PAUP 4.0 b1. 15 A parsimony tree was constructed by a heuristic search using General Search Options. Confidence values for individual branches of the resulting tree were determined by bootstrap analysis with 1,000 replicates.
Statistical analysis. Survival curves were generated by using Kaplan-Meier method, and differences between survival curves were analyzed by the log rank test. The number of eggs laid by DNV-exposed mosquitoes were compared among different densovirus strains, mosquito strains by 2 test, and differences were considered as significance when P Յ 0.05. The lethal time for 50% mortality (LT 50 ) of DNVs-exposed mosquitoes were determined by probit analysis. The LT 50 values were compared among densovirus strains by one-way ANOVA followed by LSD post hoc test. SPSS computer software version 11.0 (SPSS Inc., Chicago, IL) was used for data analysis.
RESULTS AND DISCUSSION
Biological control of pests offers a number of advantages over other pest-control strategies, particularly pesticides. It is safe to the applicator and the environment, and it may require fewer applications than are necessary with chemical pesticides. The pathogenicity of densoviruses has been reported against Aedes, Culex, and other mosquitoes. 7, 8, 11 It is of interest to study the pathogenicity of different densovirus strains in Ae. aegypti from different locations to see if there are differences in pathogenicity and susceptibility. Figures 1  to 3 show the cumulative proportion surviving over 30 days for each of the 3 mosquito strains when exposed as newly hatched larvae to 1.4 × 10 11 geq/mL of densoviruses for 48 hrs. For the Rexville-D and Chachoengsao strains, the survival of mosquitoes exposed to AalDNV was significantly different from those exposed to AeDNV, AThDNV, and APeDNV (log rank P < 0.05). For the Bangkok strain, the survival of mosquitoes exposed to AalDNV was significantly different from AThDNV and APeDNV (log rank P < 0.05). The lethal times for 50% mortality (LT 50 ) are shown in Table 2 . The LT 50 values of DNV-exposed mosquitoes ranged between 3.1 ± 0.6 and 10.0 ± 0.9 days. The LT 50 of AalDNV-exposed mosquitoes (3.1-6.9 days) was lower than other DNVexposed mosquitoes (6.9-10 days) in all 3 mosquito strains. Statistical analysis showed that the LT 50 of AalDNV-exposed mosquitoes from Chachoengsao (4.2 ± 0.4 days) and Rexville-D (3.1 ± 0.6 days) were significantly lower than other DNV-exposed mosquitoes (F ‫ס‬ 10.49, df ‫ס‬ 3,12, P ‫ס‬ 0.02; F ‫ס‬ 19.68, df ‫ס‬ 3,12, P ‫ס‬ 0.007, respectively). These results indicate that AalDNV can cause mortality of Ae. aegypti mosquitoes faster than the other mosquito densovirus strains. The present study shows a high degree of larval mortality caused by densoviruses, especially the AalDNV strain, within 10 days after exposure in all mosquito strains. This result is consistent with previous studies in which AalDNV (AaPV) caused 90% mortality in Ae. aegypti larvae reared in water containing FIGURE 2. The cumulative proportion surviving of Aedes aegypti mosquitoes from Chachoengsao Province after the first-instar larvae were exposed to different densovirus strains. ground-infected larvae.
11 Table 3 shows the developmental stage at which death occurred for the same mosquitoes. The dead mosquitoes were tested for the presence of densovirus by PCR (Table 3) , and between 80% and 100% were positive. This suggests that most of the mortality is due to viral infection. The strains were all killed by the viruses with the majority of death occurring as larvae. AalDNV was the only virus that killed most larvae during the first and second instar stages in all 3 mosquito strains. Larger numbers of AeDNV and APeDNV-infected larvae survived to the third instar and many AThDNV-infected larvae survived until the fourth instar and pupal stages.
Transmission of occluded mosquito viruses (baculoviruses and cypoviruses) to mosquito larvae requires divalent cations Mg 2+ and Ca 2+ during the early phases of the infection process suggesting that the role of these ions is probably related to crossing the peritrophic matrix or attachment and entry into midgut epithelial cells. 16 Mosquito anal papillae were found to be the initial site of densovirus infection, 19, 20 and are known to be involved in the control of ion balance between the mosquito hemolymph and its surrounding environment. 17 , and Cl -contained in our tap water confirm their lack of effect on transmission of densovirus to mosquito larvae.
In this experiment, the Rexville-D mosquito strain exhibited 95% larval mortality when exposed to 1.4 × 10 11 geq/mL of AeDNV at 48 hrs exposure time (Figure 1) , which was higher than the mortality (51.2%) of the same mosquito strain when exposed to the viral dose of 1 × 10 11 geq/mL of AeDNV at 24 hrs exposure time. 8 This result indicated that the mortality of Ae. aegypti mosquitoes may not only depend on the dose of densoviruses but also on the exposure time. The mortality of Rexville-D exposed to APeDNV is high (90%) at 1.4 × 10 11 geq/mL and 48 hrs exposure time compared with the much lower mortality seen with this virus at 24 hrs exposure time. 8 Although AThDNV caused the lowest mortality rate in larvae of the two Thai mosquito strains (Chachoengsao and Bangkok), a high mortality rate was found in AThDNVexposed Rexville-D larvae. Some natural populations of Ae. aegypti in Thailand have been reported to be infected by AThDNV.
12 Therefore, the low pathogenicity of AThDNV in Thai mosquito strains in this experiment might be explained by tolerance of the mosquito to the virus. Previous studies showed that serial challenge of 5 generations with a stock densovirus (AThDNV) resulted in an increase in progressive survival from 15% to 58%. 22 Although the mosquitoes used in this study are densovirus-free, the infection of AThDNV in previous generation of natural populations might affect the susceptibility of this mosquito to the virus. These results merit further study to discover the appropriate dose and exposure time to control the mosquito vectors or other factors that are related to the efficiency of virus infection to cause mosquito mortality.
Phylogenetic analysis of AeDNV, AThDNV, AalDNV, and APeDNV was conducted using the partial sequences of the VP gene. The phylogenetic tree (Figure 4) showed that AalDNV 23 was closely related to APeDNV and HeDNV 24 with 100% bootstrap support, whereas AeDNV from Ae. aegypti in Kiev, Ukraine and AThDNV isolated from Ae. aegypti and Ae. albopictus in Thailand and another strain isolated from the C6/36 cell line, 25 C6/36 DNV, form another clade. Members of the clade containing AalDNV, APeDNV, and HeDNV have origins in Europe or the Americas whereas members of another clade containing AeDNV, AThDNV, and C6/36 DNV have origins in Asia. Previous study has shown that the infection of Ae. aegypti mosquitoes with the two densovirus strains (APeDNV and HeDNV), which originated from insect cells, had significantly less mortality than the infection with AeDNV, which originated from mosquitoes. This could be the result of long-term adaptation to cell culture. 8 However, the results of this experiment showed that AalDNV that originated from the C6/36 cell line gave higher mortality in exposed larvae than AThDNV and AeDNV that originated from mosquitoes. Therefore, the origin of densovirus might not be only one factor in determining their pathogenicity to Ae. aegypti mosquitoes. Many factors, such as temperature, larval density, developmental stage, exposure time, and mosquito strain, may also be involved in determining the mortality of mosquitoes.
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Bacillus sphaericus is expected to provide a greater residual larvicidal activity because of the longer persistence of the TABLE 2 Lethal time for 50% mortality (LT 50 ) of Aedes aegypti mosquitoes after the first-instar larvae were exposed to different densovirus strains
Mosquito strain
LT50 ± SE (days)
AeDNV AThDNV AalDNV APeDNV spore in the environment and its recycling potential in the gut of larvae after death. 26 Similar to Bacillus sphaericus, mosquito densoviruses are non-enveloped and relatively stable in the environment. Moreover, mosquito larvae are infected by mosquito densovirus present in the water where female mosquitoes lay their eggs. Infected larvae excrete virus into the water increasing the viral titer 8, 11 allowing for increase its persistence.
Vertical transmission of AeDNV, AalDNV, and AThDNV in Ae. aegypti mosquitoes had previously been reported. 11, 12, 27 AThDNV had the highest rates of vertical transmission in this mosquito species and it was persistent over several generations. 12 Results of this experiment showed that a few females from the two mosquito strains (Chachoengsao and Bangkok) exposed to AeDNV and AThDNV survived to the adult stage and these mosquitoes were tested for vertical transmission to the next generation. The numbers of eggs hatched per female of DNV-exposed and healthy females are shown in Table 4 . The densovirus infection rates of surviving adults in the F1 generation are 40% to 57.9% except the AeDNV-exposed mosquito from Bangkok, which was 21.9%. The vertical transmission of AThDNV in this experiment is consistent with previous studies in which surviving adults that emerged from AThDNV-exposed larvae in the F1 generation are nearly 50% infected. 13 In the present study, we also report the effect of fecundity on the emerged adults that were exposed to AThDNV and AeDNV as first instar larvae ( Table 4 ). The number of eggs laid by AThDNV-exposed mosquitoes from Bangkok was significantly lower than the control (P < 0.05). The number of eggs laid by AeDNV-exposed mosquito was also less than the control, which is consistent with previous studies. 7, 27 We could not report the fecundity of AalDNV and APeDNV-exposed mosquito because none of them survive until egg laying. However, a previous study showed no significant difference in the number of eggs laid between infected and uninfected mosquitoes developed from the third instar larvae of Ae. aegypti exposed to AalDNV (AaPV). 28 Therefore, the variation of fecundity results may be explained by different experimental factors such as the virus strain, the virus concentration, the stage of larvae to be infected with the virus, and the mosquito strain. DNV-infected larvae will either become moribund and die or become infected pupae and adults. 8, 12 Infected adults may have a decreased lifespan and reduced fecundity as measured by the number of eggs laid and egg viability. 27, 28 The virus is transmitted vertically, and offspring from infected mothers may go on to be infected adults. The ability to be transmitted vertically should allow for virus spread to new oviposition sites by infected females. Our results clearly demonstrate vertical transmission of DNVs in Ae. aegypti because both AeDNV and AThDNV could transmit to the next generation. It is possible that vertical transmission might be one of the mechanisms for a longterm maintenance of densovirus infection in mosquitoes in nature.
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